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ABSTRACT 
This research was conducted to update previous studies of the springs of the Kingdom of Saudi 
Arabia. Approach: Revisit every spring that was recorded previously to ascertain the current status, water 
quality and zooplankton communities. Results: fourteen springs out of forty-six were still flowing. Several 
springs in the Eastern Province were structurally changed into manmade pools. Also, one new spring was 
located and documented in the northwestern region. Zinc and copper in several springs were the common 
dissolved heavy metals and have had exceeded the safe drinking water standards according to World Health 
Organization. Fourteen zooplankton taxa was found, seven belonged to phylum Rotifera (four Lecane spp. and 
three brachionids). Six belonged to subclasses Phyllopoda and Copepoda. The phyllopod, Pleuroxus sp., 
belongs to suborder Cladocera. The remaining five were copepods: one in the order Cyclopoida (Halicyclops 
sp.) and four in the order Harpacticoida (Bryocamptus sp., Schizopera sp., Euterpina sp. and Metis sp.). The 
remaining taxon was an unidentified species belonging to class Ostracoda. Zooplankton species were present 
in nine of the fifteen springs; the exceptions were Umm Al-Eyal, Abu-Dhuba and the four geothermal springs. 
Conclusion/ recommendation: The research concluded that the majority of the springs in the Kingdom have 
fallen dry between 1990 and 2013. Total dissolved solids as well as electrical conductivity, during the same 
period, were not significantly different. Zooplankton abundance displayed a positive correlation to Electrical 
Conductivity. Spring water is an important source of freshwater in the Kingdom; as such, springs must be 
properly maintained and conserved. More attention should be given to protect this important commodity from 
becoming obsolete. Groundwater protection is everyone’s responsibility.  
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INTRODUCTION 
Water has been an essential part for the development of all civilizations throughout history.  
Throughout the world, major cities were built near fresh water sources such as wells, springs, rivers and lakes. 
Springs historically have played a critical role in human societies and their sustainability by providing fresh 
drinking water and support for agricultural activities. In Florida, for example, there are more than 700 springs 
spread from the north to north central region of the state, making it possibly the largest producer of freshwater 
in the country (FDEP, 2011). Some of these springs are important economic resources. Thousands of visitors 
take advantage of state parks that have springs, providing Florida with millions in annual income. (FDEP, 
2011). 
Springs can form in any rock type, but their existence depends on the permeability of the rocks, 
topography, and the level of the water table at a given location. There are four main types of springs: contact 
springs, which are natural openings resulting from the contact of two formations; geothermal springs, which 
have naturally hot water; karst springs, which are created by underground drainage from a cave system where 
a river cave reaches the earth’s surface;    and submarine springs, which issue from beneath the ocean surface 
(Saudi Arabia Ministry of Agriculture and Water, 1984). Springs are often classified by average discharge and 
water temperature. The discharge rate of the springs depends on the amount of rainfall, water pressure for the 
aquifer and the size of the spring pool. Human activity can alter the discharge rate of the springs profoundly by 
changing water pressure of the aquifer, often decrease water level and consequently spring discharge (USGS, 
2013). 
Renewable water resources are very low in the Middle East, and population and economic growth of 
countries in this region are increasing in demand for fresh water. In the northern part of the Middle East, the 
United Nations Environment Programme (UNEP) estimates that the Euphrates basin (shared by Turkey, Syria 
and Iraq) has had over 30% of its land damaged by salinisation associated with poor irrigation practices. The 
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Jordan River basin (shared by Lebanon, Syria, Palestine, Jordan and Israel) has been impacted by agricultural 
pollution and overpumping (Jägerskog et al. 2009). Excessive groundwater pumping in Jordan has exceeded 
safe yields in some basins, leaving some springs contaminated with heavy metals (Batayneh, 2010).  
In the Arabian Peninsula, most countries have depleted their groundwater levels via overpumping. 
Groundwater levels have declined by 10 to 20 feet annually in Yemen, the poorest country in the Arabian 
Peninsula, with projected loss of all water resources by 2020 (Lichtenthaeler, 2010). The United Arab Emirates 
(UAE) has several permanent springs that provide 3 Mm³ of water per year with discharge ranging from 0.06 
to 2.50 Mm³ per year, depending on rainfall. During 1984-1991, salinity in UAE springs increased from 100‰ 
to 500‰ due to low rainfall and overpumping of groundwater (Alsharhan et al. 2001) 
The Kingdom of Saudi Arabia (hereafter referred to as the Kingdom) covers the greater part 
(2,150,000 km²) of the Arabian Peninsula (Figure 1). Most of the country receives average rainfall between 50 
and 100 mm annually, with the exception of the southwest (especially in the Asir highlands), where the annual 
rainfall range is 200 to 600 mm (Bazuhair and Hussein, 1990). The Kingdom is the largest country in the 
world without a natural river running to the sea. During the early years of its existence, the country depended 
on groundwater as the main source to support human needs for drinking and irrigation. Increasing water 
demand led to decreased ground water levels, requiring the country to look for alternative resources. Currently, 
over thirty desalination plants provide 80% of the country's drinking water needs. The Kingdom is the world's 
largest producer of desalinated water (Vincent, 2008).  
In the Kingdom, groundwater resources are found in eight tectonic basins with sedimentary bedrock. 
In addition, groundwater is stored in more than 20 aquifers classified as either primary aquifers, which include 
quartz sandstones, conglomerate and some limestone, or secondary aquifers, which occur mainly in limestone 
(Vincent, 2007). Water that arises from these aquifers can be differentiated by levels of dissolved mineral ions 
including magnesium, bicarbonate, calcium, sulfate, and sodium.  
Even though rainfall is relatively low, two of the four main types of springs can be found throughout 
the western and northeastern parts of the Kingdom (Figures 1 and 2).  Contact springs are found in the Eastern 
Province as well as the central and western regions of the Kingdom, while geothermal springs are found only 
in the southwestern region, primarily in Jizan and Al- Lith. Their flow is relatively low but can increase 
3 
seasonally depending on the amount of rainfall. Water temperature at thermal springs vents can approach 
100°C, but springs in the Al-Lith area (Ayn Darakah, Ayn Markup, and Ayn Jumah)  typically have surface 
temperatures ranging from 42 – 46°C, while surface temperatures at Ayn Harrah spring range from 80-85°C 
(Ministry of Agriculture and Water, 1984). 
Springs in the Kingdom were first surveyed by Bazuhair and Hussein (1990). The authors located 46 
springs, and concluded that these must be maintained and protected to conserve this historical resource. As of 
2013, many springs in the central and eastern regions of the Kingdom have apparently ceased to flow as a 
result of overpumping of groundwater. For example, Al Tokhais and Rausch (2008) reported that all seven of 
the Al Hassa oases were dry. This is corroborated by a more recent study by Kalbus et al. (2011) which 
concluded that the springs in Al Hassa oases have been dry since the 1980s or 1990s. However, a contrary 
study by Al-Kahtani (2009) stated that tilapia (Oreochromis niloticus) from Al Hassa oases (including their 
most famous spring Al-Khadoud) were unsafe for human consumption due to accumulation of heavy metals. 
Now, if there were fish, then the oases could not be dry as indicated by Al Tokhais and Rausch (2008) and 
Kalbus et al. (2011). However, since neither of these two sources indicates the actual year of data collection, it 
is what the exact nature of the Al Hassa oasis springs is. 
The purpose of the current research is to address the following questions: (1) What is the current status 
and water quality of the springs in the Kingdom of Saudi Arabia? (2) How has the status and water quality 
changed since the 1990 study? (3) What is the status of zooplankton communities in each spring? and (4) Can 
the distribution of zooplankton taxa be related to electrical conductivity? In addition, general recommendations 
on conservation and management of the springs will be provided. 
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METHODS 
Study Sites 
The Kingdom of Saudi Arabia is geographically divided into the Arabian Shelf and Arabian Shield. 
The Arabian Shelf consists primarily of sedimentary rocks on top of the basement of the Arabian Shield, 
slanting toward the Arabian Gulf. Within the Shelf, groundwater is found in several aquifers (Saq, Wajiid, 
Tabuk, Minjur, Dhurma, Wasia and Biaydh, Umm er Radhuma, Dammam, and Neogene) varying in age from 
Cambrian to Pliocene. The Arabian Shield, on the other hand, is geographically restricted to the western and 
southwestern regions of the Kingdom, and consists of complex assemblages of crystalline and 
crystallophyllian rocks of Precambrian to Cambrian age, with volcanic flows of Tertiary to Quaternary age 
(Bazuhair and Hussein, 1990).  
Of the original 46 springs surveyed by Bazuhair and Hussein (1990), only fourteen were still flowing 
as of summer 2013 (Figures 1 and 2). The current study included these fourteen plus one previously 
undescribed spring (Taited), most of which are found in the Eastern Province and along the western coast of 
the Kingdom (Table 1). In the Eastern Province (in Al-Hassa area), Umm Saba, Juhariah and Harah springs 
have been structurally changed; water has been pumped for many years into adjacent manmade pools. In the 
western region, springs are found in Khybar, Madinah, Khulais, Al-Kamel, Al-Lith and Jizan areas. Thermal 
springs only exist in the southwestern portion of the country, especially Al-Lith and Jizan. In the Al-Lith area, 
water temperatures range from 55 to 80°C, and in the Jizan area, water temperatures range from 54 to 62°C. 
Non-geothermal springs have temperatures ranging from 30 to 36°C. All of these springs have a natural but 
very low flow. 
 
Field Measurements 
  Samples were collected at each site once during summer of 2013. Temperature, electrical conductivity 
(EC), dissolved oxygen (DO) and total dissolved solids (TDS) were measured in situ from the spring vents 
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using a YSI ProPlus 2030 meter, and pH was estimated using litmus paper. However, field measurements of 
the Eastern Province springs were collected from the adjacent manmade pools due to obstruction of the natural 
vent.  
At each site, 50 mL water samples of were collected for laboratory analysis, and 26 L of water were 
collected for analysis of zooplankton.  Zooplankton samples were filtered through a Wisconsin plankton net 
with a mesh size of 63µm, then concentrated from 26 L to 1 L, preserved in ethanol and returned to the 
University of South Florida (USF) for identification. Originally, water quality and benthic invertebrates were 
to be collected from the entire spring run; however, in the Eastern Province, manmade pools have altered the 
spring ecosystems such that the springs have no runs. 
 
Lab Analyses 
Water chemistry samples were analyzed for total alkalinity, hardness, turbidity, anions and cations, 
heavy metals, chemical oxygen demand (COD) and biochemical oxygen demand (BOD). Water samples were 
analyzed by Dr. Umesh Patil at King Abdullah University of Science and Technology (KAUST) in accordance 
with Standard Methods for the Examination of Water and Wastewater (APHA, AWWA, WEF, 1995). 
Zooplankton species were located and counted under microscope (Leica Type DM4000 B) and 
identified to lowest taxonomic level practical using an image-based key of freshwater zooplankton of the 
region and other resources (Ward and Whipple, 1959; Eckblad 1978).  
Differences between mean TDS and EC from 1990 to 2013 were detected using Student’s two-tailed t-
test (α=0.05). Similarity between individual springs based on various water quality parameters was analyzed 
using single-linkage cluster analysis and Principal Coordinates Analysis (PCOA) in Primer 6 (v. 6.1.11) and 
Permanova+ (v. 1.0.1). Relationships between water quality and zooplankton were analyzed using linear 
regression of x-y scatterplots in Microsoft Excel. 
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RESULTS AND DISCUSSION 
Current Status of the Springs 
The current survey of summer 2013 was developed to determine changes that have occurred in recent 
decades. Currently, only fourteen of the 46 previously reported springs still flowing (Figures 1 and 2). Three 
springs in the Eastern Province have manmade alterations: Umm Saba, Juhariah and Harah. One spring, 
Taited, located in the northern part of Madinah, was not reported in any previous studies. The physical and 
chemical characteristics of the water in each spring are summarized in Table 2 and includes temperature, pH, 
dissolved oxygen, COD, BOD, TDS, EC, total hardness, nitrogen (as NO3-N), ions and heavy metals.  
Electrical conductivity (EC) and total dissolved solids (TDS), which are directly proportional to one 
another, ranged from 517-3265 µS/cm and 370-1924 mg/L, respectively (Table 2). Geothermal springs were 
higher, ranging from 3672 to 6661 µS/cm and 1397 to 2691mg/L, respectively. Common dissolved cations and 
anions measured in the current survey were potassium, sodium, bicarbonate and sulfate (Table 2). Sulfate 
concentrations were lower than any other ion measured, ranging from 2.1 to 7.4 mg/L. Bicarbonate ranged 
from 112 to 218 mg/L, sodium from 110 to 207 mg/L and potassium from 189 to 390 mg/L. Al-Mudiq spring 
had the highest concentrations of each ion. Cluster analysis of springs based on ion concentrations did not 
reveal any clear relationships.  
Common dissolved heavy metals measured in the current survey were lead, arsenic, mercury, 
aluminum, zinc and copper (Table 2). Lead was non-detect (ND) for all springs but three, Al-Mudiq, Umm Al-
Eyal, and Al-Wagrah, which ranged from 0.05 to 0.12 mg/L. Arsenic was detected only in Al-Mudiq (0.13 
mg/L). Mercury was detected in only Al-Wagrah and Umm Al-Eyal (0.06 and 0.05, respectively). Aluminum 
was detected in six of the fifteen springs, and ranged from 0.05 to 1.22 mg/L. Zinc and copper were the most 
common dissolved heavy metals in the water. According to the World Health Organization (WHO) and United 
States Environment Protection Agency (USEPA), the safe limits of zinc and copper in drinking water are 5 
mg/L and 1.3 mg/L, respectively. Zinc concentrations at three springs (Al-Mudiq, Juhariah, Khulais) exceeded 
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the safe limit (16.2, 8.4 and 9.4 mg/L, respectively). Zinc contamination could lead to cosmetic effects such as: 
skin, tooth discoloration or aesthetic effect such as: taste, odor and color of the water (USEPA 2013). These 
three springs also exceeded the safe limit of copper in drinking water (2.7, 2.3 and 2.1 mg/L respectively). 
Short term exposure to high concentrations of copper may lead to gastrointestinal distress, and long term 
exposure could lead to kidney or liver damage (USEPA, 2013).   
All water chemistry data were analyzed and graphed using principal coordinates analysis (PCoA) in 
Primer6 (v. 6.1.11) and Permanova+ (v.1.0.1). Based on water chemistry, springs formed loose clusters that 
roughly correspond to geographic location (Figure 3). 
  
Historical vs. Current Status of the Springs 
Springs have changed profoundly between 1990 and 2013 as a consequence of excessive groundwater 
pumping. To begin with, the majority of the springs in the Kingdom have dried up. In the Eastern Province 
alone, fourteen springs (10 in Al-Qtif and 4 in Al-Hassa) out of seventeen (Figure 2 D & E) have ceased to 
flow. In addition, springs in the Kingdom in 2013 displayed higher mean TDS and EC than in 1990 (Table 1; 
Figure 4). Thermal springs were highest in both mean TDS and EC compared to other springs in previous 
studies. Heavy metals and ions were not measured in 1990, so no comparison can be made. 
 
Conductivity and Total Dissolved Solids  
Mean TDS and EC values in 2013 (Figure 4) were not significantly different from from 1990 to 2013 
(two tailed t-test, α=0.05, df= 26, p=0.836), even though the means were higher overall. EC increased in every 
spring except Khulais, where EC and TDS were lower by a full order of magnitude, although the reason for 
this is unknown. Spatially, however, mean EC (µS/cm) was significantly higher (df= 9, p=0.0145) in springs in 
the Eastern province (n=3, 3084.7±155.3) than those in the northwestern region (n=8, 1531.6±857.7). Also, 
mean EC was significantly higher (df= 13, p<<0.001) in thermal springs (n=4, 5503.5±1382.5) than non-
thermal springs (n=11, 1955.2±1022.7).  
Cluster analysis produced four groups of springs (Figure 5a) based on mean EC and TDS in 1990. 
Groups were labeled 1 through 4 in order of decreasing mean EC (µS/cm) and TDS (mg/L).  Groups 1 and 2 
include the four geothermal springs; Group 1 (Jumma’t Binihilal and Al-Wagrah) averaged 5785±162.6 µS/cm 
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and 2200±282.8 mg/L, and Group 2 (Al-Harah Al-Lith and Khulab) averaged 3400±141.4 µS/cm and 
2140±84.9 mg/L. Group 3 averaged 2524±96.1 µS/cm and 1648±194.7 mg/L, followed by Group 4 which 
averaged 1081±339.7 µS/cm and 655±237.4 mg/L.  
The springs clustered into four major groups based on 2013 data as well, but the groups are different 
(Figure 5b). Group 1 now includes three geothermal springs (Al-Wagrah, Jumma’t Binihilal and Al-Harah Al-
Lith) with mean EC and TDS of 6114±794.2 µS/cm and 2312±328.8mg/L, respectively. Group 2 includes one 
geothermal spring (Khulab), the newly described Taited, and four others (Bahriah Khybar, Umm Saba, 
Juhariah, Harah Al-Hassa) with mean EC and TDS of 2924±809.3 µS/cm and 1734±193.5 mg/L, respectively. 
Groups 3 and 4 consisted of six springs in the northwestern region; mean EC and TDS in group 3 was 
1623±277.6 µS/cm and 934±151.5 mg/L, respectively, and 572±77.8 µS/cm and 331±54.8 mg/L in group 4. 
 
Zooplankton 
Fourteen zooplankton taxa were recorded in the summer 2013 survey (Table 3). Seven belonged to 
phylum Rotifera (four Lecane spp. and three brachionids – Brachionus caudatus, B. furculatus, and B. 
quadridentatus). Six belonged to phylum Arthropoda, subphylum Crustacea, subclasses Phyllopoda and 
Copepoda. The phyllopod, Pleuroxus sp., belongs to suborder Cladocera. The remaining five were copepods: 
one in the order Cyclopoida (Halicyclops sp.) and four in the order Harpacticoida (Bryocamptus sp., 
Schizopera sp., Euterpina sp. and Metis sp.). The remaining taxon was an unidentified species belonging to 
class Ostracoda. Both adult and naupliar stages were present in nine of the fifteen springs; the exceptions were 
Umm Al-Eyal, Abu-Dhuba and the four geothermal springs.  Taxonomic richness ranged from 1 to 10 genera 
per spring.  
Rotifers from the family Lecanidae were the most prevalent taxa, appearing in seven of the nine 
springs that contained zooplankton. Species belonging to the family Brachionidae appeared only in Khulais 
and Bahriah Khybar. Four copepod species of Harpacticoida, benthic zooplankton that can tolerate a wide 
range of salinity, were the second most prevalent taxa, appearing in five of the nine springs. Only three springs 
contained copepods from the order Cyclopoida (Halicyclops sp.). Cladocerans and ostracods were the least 
common, appearing in Khulais only. 
9 
Relationship to Electrical Conductivity 
Zooplankton abundance displayed a positive correlation to EC. Generally, the density of all adult and 
juvenile taxa was 3 individuals per liter or less in springs with low EC (less than 2500 µS/cm), and greater than 
7 per L in springs with high EC (above 2500 µS/cm). Springs with low EC were characterized by 0-3 rotifers 
per liter, while springs with high EC contained 8-14/L. An exception was Khulais spring, which contained low 
EC but 17 rotifers per liter (Figure 6). Khulais contained the second highest numbers of species and was the 
only spring that contained both brachionids and lecanids. 
Copepod density (orders Cyclopoida and Harpacticoida), on the other hand, ranged from 0 to 1/L and 
13 to 31/L in springs with low and high EC, respectively (Figure 7). Similarly, the density of nauplii was 0 
to1/L and 7 to 12/L in springs with low and high EC, respectively (Figure 8). Exceptions to the pattern of low 
density in low EC were Taited spring (28/L and 9/L, respectively) and Khulais (10/L and 12/L, respectively).  
Taited and Khulais consistently stood out from the other springs with higher zooplankton density at 
lower EC values. Taited, a newly discovered spring found tucked within a stand of date palms (Phoenix 
dactylifera), was dominated by species of Harpacticoida; species in this order are euryhaline benthic 
zooplankton. A quarter of the zooplankton species found in Khulais, a spring where locals feed stale bread to 
the fish in accordance with a Muslim custom in which food cannot be wasted, consisted of Halicyclops sp., a 
brackish species. Turbidity in springs ranged from 0.1 to 0.5 NTU (U. Patel, unpublished report); Taited and 
Khulais, interestingly, had the highest turbidity. None of the other water quality parameters could be easily 
attributed to the higher abundance of zooplankton at these two springs. 
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CONCLUSIONS 
What is the current status and water quality of the springs in the Kingdom of Saudi Arabia? Eleven 
contact springs still exist in different parts of the country: three are in the Eastern Province, eight in the 
northwestern region, and they are mainly used for irrigation. In addition, four geothermal springs were found 
in the southwestern region of the country.  The Kingdom’s springs are characterized by a wide range of 
temperatures (30-80°C), electrical conductivity (517-6661 µS/cm), and total dissolved solids (292-2691 mg/L). 
Three springs contain copper and zinc at high concentrations which exceed U.S. safe drinking water standards. 
How has the status and water quality changed since the 1990 study? Although mean conductivity and 
total dissolved solids increased from 1990 to 2013, it is not a significant difference. The increase is likely the 
result of concentrated dissolved solids in the springs due to overpumping. 
What is the status of zooplankton communities in each spring, and can the distribution of zooplankton 
taxa be related to electrical conductivity? Fourteen taxa of zooplankton were identified from nine springs; no 
zooplankton were found in geothermal springs or Umm Al-Eyal and Abu-Dhuba. Taxonomic richness ranged 
from 1 to 10 genera per spring. Zooplankton abundance showed a clear, positive relationship with electrical 
conductivity (EC).    
 
Recommendations for Management and Conservation  
The main purpose of spring water in the Kingdom is for irrigation; drinking water is primarily 
obtained from desalination processes, with a small percentage obtained from small, private wells. In the 
Eastern province, the Ministry of Water and Agriculture built an uncovered irrigation canal 500 km in length 
around Al-Hassa city to deliver water to 16,000 acres of agriculture. A tremendous amount of water is lost due 
to evaporation. In Gujarat, India, they addressed this problem by covering canals with solar system panels to 
help prevent evaporation as well as produce clean energy. Additional water conservation tools such as rooftop 
catchments or drip irrigation would be a way to avoid water loss. Spring water is an important source of 
11 
freshwater in the Kingdom; as such, springs must be properly maintained and conserved. More attention 
should be given to protect this important commodity from becoming obsolete. Groundwater protection is 
everyone’s responsibility.         
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APPENDIX A: 
TABLES 
 
Table 1. Geographic locations of Saudi Arabian springs and historical (1990) vs. current (2013). 
14 
Table 2. Physical and chemical parameters of Saudi Arabian springs, Summer 2013. Water samples analyzed at King 
Abdullah University of Science and Technology in accordance with Standard Methods (APHA/AWWA).  
 
15 
Table 3. Fourteen genera of zooplankton found in springs sampled during Summer 2013. Individuals 
identified as ostracods could not be identified to a more specific taxonomic level. 
 
Phylum Rotifera  
Order Ploima  
Family Brachionidae  
Brachionus caudatus  
B. furculatus  
B. quadridentatus  
Family Lecanidae  
 Lecane spp. (4) 
Phylum Arthropoda  
Subphylum Crustacea  
Class Ostracoda  (1 sp.) 
Class Maxillopoda  
Subclass Copepoda  
Order Cyclopoida  
Family Cyclopoidae  
Halicyclops sp.  
Order Harpactidoida  
Family Canthocamptidae   
Bryocamptus sp.  
Family Diosaccidae  
Schizopera sp.  
Family Euterpinidae  
Euterpina sp.  
Family Metidae  
Metis sp.  
Class Branchiopoda  
Subclass Phyllopoda  
Suborder Cladocera  
Family Chydoridae  
Pleuroxus sp. 
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APPENDIX B: 
FIGURES 
 
 
 
Figure 2. Locations of springs (past and present) in Saudi Arabia. Red pins denote springs that have 
disappeared since 1990. Blue pins denote flowing springs. Yellow pins denote geothermal springs. 
Overlapping pins are magnified to show each spring in subsequent figures (areas outlined in white). 
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Figure 2. Magnified locations of springs in Saudi Arabia. Letters A-E correspond to notation in 
Figure 1. Red pins denote springs that have disappeared since 1990. Blue pins denote flowing 
springs. Yellow pins denote geothermal springs. 
18 
Figure 3. Bray-Curtis similarity of Saudi Arabian springs based on all water quality parameters 
measured. Principal coordinates analysis revealed that over 85% of variation is explained by two 
variables. Springs in red oval include geothermal springs and springs located in the Eastern 
Province; all others are located in northwestern region. 
Figure 4. Comparison of mean Total Dissolved Solids (TDS) and Electrical Conductivity (EC) 
in 1990 and 2013. Error bars represent one standard deviation. No significant difference was 
detected. 
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Figure 5. Dendrograms showing Euclidean distances between Saudi Arabian springs based on Total 
Dissolved Solids (TDS) and Electrical Conductivity (EC) for 1990 (a) and 2013 (b). Springs formed 
four main clusters, numbered 1 through 4 by decreasing mean EC and TDS (1 = highest). Springs did 
not remain in the same clusters from 1990 to 2013, probably because two springs were excluded from 
the 1990 analysis due to missing data. Red text denotes geothermal springs. Derived from single-
linkage cluster analysis performed using Primer Permanova+. 
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Figure 6. Rotifer density as a function of EC for Saudi Arabian springs, Summer 2013. Red dots indicate 
geothermal springs. 
Figure 7. Copepod density as a function of EC for Saudi Arabian springs, Summer 2013. Red dots 
indicate geothermal springs. 
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Figure 8. Naupliar density as a function of EC for Saudi Arabian springs, Summer 2013. Red dots 
indicate geothermal springs. 
 
